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Abstract	  
The goal of this project is to analyze the mechanical power generated through the use of a 
Concept2 ergometer by a rower, and to determine if the power generated can be harnessed sing 
a permanent magnet generator. Using a strain gauge and an optical RPM sensor in conjunction 
with the ergometer, the force applied by the rower, as well as the resulting angular velocity of 
the flywheel, can be measured. Measurements from both sensors are recorded using data 
acquisition software for further analysis. Analysis of the potential power generated by a rower 
was used to design an axial flux permanent magnet generator that allows for the conversion of 
mechanical energy to electrical energy. The dual rotor, single stator generator will output AC 
power. Our goal is to analytically model this output power. 
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Chapter	  1:	  Introduction	  
The purpose of this project is to analyze the potential power that can be generated by a rowing 
machine to address the growing issue of electrical energy consumption and promote green 
energy. One way to reduce the use of hazardous power generation methods is the implementation 
of new energy harvesting devices. Many renewable energy sources already exist today, such as 
solar and wind. It is our goal to determine if it is possible to incorporate power generation into 
the everyday training practices of the elite rower, by analyzing and designing an energy-
harvesting device.  
The idea behind this project is to create a system that can capture power generated by a rower. 
The system would utilize a permanent magnet generator. Though the output of a single rower 
may be seemingly insignificant, it is our goal to analyze their potential output to determine if our 
system would be effective on a larger scale.  
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Chapter	  2:	  Background	  
According to the U.S. Energy Information Administration (EIA) the average retail price of 
electricity in the U.S. increased 40%, from 7.2 to 10.08 cents per kilowatt hour, between 2002 
and 2013 [1]. The financial cost as well as the environmental cost of power generation is taking 
its toll on the globe. As seen in the figure below, the burning of coal is the most commonly used 
method of power generation, accounting for 39% of the electricity used in the U.S. in 2013 [2]. 
The Environmental Protection Agency (EPA) reports that “the average emission rates in the 
United States from coal-fired generation are: 2,249 lbs/MWh of carbon dioxide, 13 lbs/MWh of 
sulfur dioxide, and 6 lbs/MWh of nitrogen oxides.” [2]. Emissions from coal-fired generation are 
magnitudes greater than emissions resulting from non-hydroelectric renewable energy sources 
such as, wind, solar, geothermal, biomass, and landfill gas. According to the EPA these 
renewable sources only produce 1.22lbs/MWh of sulfur dioxide and 0.06 lbs/MWh of nitrogen 
oxides on average in the U.S. 
 
Figure 1: U.S. Fuel Mix According to the EPA 
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This rise in cost of electricity as well as the environmental hazards presented by many power 
generation methods currently in use has sparked a global effort to further the implementation of 
renewable energy sources. The EIA reported that, in the U.S. alone, the use of coal-fired 
generation has decreased from 50% of the total power generated in 2005 to 39% in 2013. CNN 
reported that in 2011 over $257 billion were invested in renewable energy throughout the world. 
This is over five and half times the global investment in renewable in the year 2004, which just 
topped $39 billion. The U.S. is the third largest investor, behind Europe and China, investing 
$50.8 billion in 2001. 2.1	  Notable	  Methods	  in	  Harnessing	  Renewable	  Energy	  for	  Electricity	  
The United States currently depends heavily on coal, oil, and natural gas for its energy resources. 
In 2010, 84.1% of the United States’ energy consumption came from fossil fuels, up from 83.7% 
in 2011 and 83.6% in 2012 [3]. Fossil fuels are non-renewable and these sources draw on finite 
resources that will become increasingly limited, and as a result become expensive and very 
environmentally damaging to regain. A 2005 study that focused on fossil fuel depletion 
estimated that oil, gas, and coal will last about 35, 37 and 107 years respectively. This means that 
coal will be the only fossil fuel remaining after 2042 and it will deplete around 2112 [4].  
 
In contrast, there are many types of renewable energy resources that are continuously being 
replenished and will never run out. Almost all renewable energy comes either directly or 
indirectly from sunlight. Solar energy is one example that is used from direct sunlight for 
heating, lighting buildings, hot water heating, solar cooling, and a range of other commercial and 
industrial uses. The sun's heat also drives wind power, which is captured by wind turbines. The 
wind and the sun's heat then cause water to evaporate. The evaporated water then turns into rain 
or snow which flows downhill into streams due to the gravitational pull of the Earth [5]. 
 
This energy can also be captured using hydroelectric power. Types of renewable energy 
resources include solar, wind, hydroelectric, geothermal, and biomass power. In 2013, renewable 
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energy in the United States was responsible for 12.9% of the domestically produced electricity 
and 11.2% of the total energy generation. In 2011, the Environment Protection Agency (EPA) 
reported that the United States has fallen below the global average in renewable energy usage, as 
seen in Table 1. Only 11.8% of the U.S.’s energy in 2012 came from renewable energy with the 
global average being 13.3% [6].  
 
Renewable	  Energy	  Billion	  kWh	  or	  Trillion-­‐Wh	  
Year	   Renewable	  Energy	  Total	   U.S.	  Total	  Electricity	  Demand	   Percent	  Renewable	  
2002	   343.44	   3858.45	   8.90	  
2003	   355.29	   3883.18	   9.15	  
2004	   351.48	   3970.56	   8.85	  
2005	   357.65	   4055.42	   8.82	  
2006	   385.77	   4064.7	   9.49	  
2007	   352.75	   4156.74	   8.49	  
2008	   417.72	   4119.39	   10.14	  
2009	   419.59	   3950.31	   10.62	  
2010	   428.38	   4125.06	   10.38	  
2011	   520.07	   4105.73	   12.67	  
2012	   513.4	   4047.76	   12.68	  
2013	   522.46	   4058.21	   12.87	  
Table 1: U.S. Renewable generation (Billion kWh)[7] 
 2.1.1	  Solar	  Power	  
One source of renewable energy is solar energy. Solar energy uses the sun as fuel to generate 
heat or electricity. It is environmentally friendly because the sun is a natural energy source that 
does not require burning of fossil fuels. It is considered to be renewable because the energy 
produced from the sun does not drain any natural resources. There are a range of technologies 
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associated with solar power such as solar heating, photovoltaic energy, thermal energy, 
architecture, and artificial photosynthesis. Sunlight contains energy and when light hits an object, 
the energy turns into heat. Rays of light hit the material and the energy turns into an electrical 
current, which can be harvested for power.  
 
Older solar technologies use large crystals made out of silicon, which produce electrical currents 
when exposed to light. This happens because in silicon, the electrons in its crystal move when 
visible to light instead of just shaking in place to create heat. The silicon then turns a large 
percent of the light energy into electricity. This method, however, can be expensive because big 
enough crystals are not easy to grow. Newer methods use materials that have smaller, cheaper 
crystals, like copper-indium-gallium-selenide, that can be made into flexible films. However, 
these materials are not as good as silicon at converting light into electricity.  
 
The amount of energy from the sun that hits Earth's surface is massive. The entirety of the 
energy stored in Earth's coal, oil, and natural gas is equivalent to energy from just 20 days of 
sunshine. The sun's energy is composed of about 1,300 watts per square meter, outside of the 
earth’s atmosphere. Around one-third of this light is reflected back into space with some of it 
being absorbed by the atmosphere. The energy in sunlight hits the Earth’s surface with about 
1,000 watts per square meter at noon on a cloudless day [8]. On average each square meter of the 
Earth’s surface collects about 4.2 kilowatt-hours of energy a day. This is equivalent to producing 
the energy stored in a barrel of oil each year [9].  
 
Currently, solar energy only contributes to a tiny portion of the U.S.'s total electricity generation. 
This is due to the fact that it is more expensive than fossil fuel alternatives such as cheap but 
highly polluting coal. Solar power is around five times as expensive to produce as the current 
that comes out of outlets. According to the EIA, in 2012, solar power in the United States used 
2.7% of total renewable energy resources but produced only 0.8% of the electricity generated by 
these resources [6]. 
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2.1.2	  Wind	  power	  
Wind power is another form of renewable resources. Wind power is harvested from air flow 
using mechanisms such as wind turbines or sails to produce power. Windmills are used for their 
mechanical power, while wind-pumps are used for water pumping, and sails for ship propellers. 
Wind energy is a strong alternative to fossil fuels: it is renewable, clean, effective, and produces 
no greenhouse gas emissions during operation and requires minimal space. It also has fewer 
problematic effects on the environment than many other power sources, such as fossil fuels.  
Wind turbines work opposite of the fans. Fans use electricity to make wind while wind turbines 
use wind to make electricity. The blades of wind turbines are intelligently engineered to rotate 
with the winds to spin a shaft which is connected to a generator and that produces electricity.  
 
Currently, the U.S. wind power installed exceeds 60,000 MW. In the U.S., the wind industry 
creates tens of thousands of jobs for people and billions of dollars of economic activity [10]. 
General Electric is the largest wind turbine manufacturer in the U.S. In 2010, the industry 
received $4986 million in federal funding. This is almost half of all federal funding for electricity 
generation. In 2012 there were 8,900 MW of power under construction with almost 100 projects 
[10]. 
 
 
Table 2: Wind Electric Generation in the U.S.[6] 
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As seen in Table 2 above, in 2012, wind power in the United States used 15.4% of total 
renewable energy resources and produced 26.9% of the electricity generated by these resources 
[6]. 2.1.3	  Hydroelectric	  Power	  
Hydroelectric power is another very reliable renewable energy that is contained in flowing water. 
Hydroelectric power produces electrical power by using Earth’s gravitational pull or flowing 
water. Hydroelectric power plants work by harvesting the energy of falling water to generate 
electricity. A turbine converts this kinetic energy into mechanical energy. From mechanical 
energy, a generator is then used to convert it into electrical energy.  
 
Hydroelectricity accounts for 16% of the world’s electricity generation, or 3,427 terawatt-hours 
of electricity production in 2010 [11]. This is also expected to increase about 3.1% each year for 
the next 25 years. Since the cost of hydroelectricity is comparatively low, it provides a 
competitive source of renewable electricity. The price range of electricity from a hydro station 
bigger than 10 megawatts is, on average, 3 to 5 U.S. cents per kilowatt-hour [12]. Currently, 
hydroelectric power is the largest producer of renewable power in the U.S. and exists in many 
U.S. states. The influence over the last ten years of hydroelectric power to the renewable power 
generation is detailed below.  
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Table 3: Hydroelectric generation in the U.S. [6] 
 
In fact, the United States is the fourth largest hydroelectric producer in the world. A big 
contributor to this is the Grand Coulee Dam, located in Washington State, which is the 5th 
largest hydroelectric power station in the world. In 2012, hydroelectric power in the United 
States used 30.3% of total renewable energy resources and produced 58% of the electricity 
generated by these resources [6]. 2.1.4	  Geothermal	  Power	  
Another renewable resource is geothermal energy, which is the thermal energy generated and 
stored in the Earth. Thermal energy determines the temperature of matter and in this reference, it 
relates to the energy contained in the rock and fluid in the earth's crust. Earth is covered with the 
thick outer shell known as the crust whose components are usually shifting and changing. This 
crust is made up of several different rock layers and plates. Under the crust exists a layer of hot 
and molten rock called magma. From the decay of naturally radioactive materials like uranium 
and potassium, heat is continuously being produced. The amount of energy this produces in the 
Earth’s surface contains 50,000 times more energy than all the oil and natural gas resources 
nationwide [13].     
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Due to the high heat beneath the earth’s crust, rocks start developing cracks which release energy 
in the form of heat on to the earth’s surface. Water is pumped down an injection well to harvest 
that heat. The water then filters through the high temperature-cracks in the rocks and returns 
through the recovery well in the form of steam. This steam is used to drive electric generators.  
 
 
Figure 2: Diagram Geothermal to Electricity Process [14] 
 
The U.S. is the world leader in the generation of electricity from geothermal energy. According 
to state energy data, geothermal energy provided about 16 billion kilowatt hours (kWh) of 
electricity in 2005, which is 0.36% of the electricity consumed in the U.S. [15] By May 2007, 
geothermal electric power was being generated in Alaska, California, Hawaii, Nevada, and Utah. 
At that time, according to the Geothermal Energy Association's report, there were 75 new 
geothermal power projects occurring in 12 states. This was an increase of 14 projects compared 
to a survey completed in November 2006. Table 4 shows eight states and their geothermal 
capacity consumption as of February 2013 [16]. The electrical generation statistics for the last 
ten years of geothermal power in the U.S are shown below in Table 5. In 2012, geothermal 
power in the United States used 2.6% of total renewable energy resources and produced 3.2% of 
the electricity generated by these resources [6]. 
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Table 4: States and their geothermal capacity as of February 2013 [16] 
 
 
Table 5: Geothermal electric generation in the U.S. [6] 
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2.1.5	  Biomass	  
Biomasses are organic materials that have stored sunlight in the form of chemical energy. These 
fuels include wood waste, straw, manure, sugar cane, and a lot of other byproducts from different 
agricultural processes. Biomass is considered a renewable energy source because its stored 
energy comes from the sun and the energy is harvested through burning or decomposing. In 
2012, biomass energy in the United States accounted for 49.1% of the total renewable energy 
resources but produced only 11% of the electricity generated by these resources [6]. Between 
April 2012 and April 2013, biomass generated approximately 57 million megawatt-hours, which 
is 1.4% of U.S.’s total electricity. In the U.S., it was the largest source of total renewable energy 
and the third-largest of electrical power, behind hydropower and wind [6]. Also in 2013, around 
4.6 quadrillion British thermal units of energy were consumed from biomass in the United States. 
By 2040, U.S. biomass energy production is expected to reach 5.6 quadrillion British thermal 
units [17]. 
 
 
Figure 3: Diagram Biomass to Electricity Process 
 2.1.6	  Human	  Power	  Harvesting	  
The human body contains a massive amount of energy. The average adult has as much energy 
stored in fat as a one-ton battery. Consider the energy that could be produced if we used all that 
stored energy. Today, researchers all around the world are working on ways to do just that. We 
produce movement, which produces kinetic or mechanical energy that can be converted into 
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electrical power. Modern gyms have a substantial number of pieces of electrical equipment that 
are powered on all day, up to 24 hours. What if these devices could be power by energy 
generated by the gym goers? With the people of the United States becoming more gym 
orientated and aware of their health, there are about 20 million more fitness center memberships 
in the past decade. [18] The resulting increasing usage of fitness equipment producing kinetic 
energy poses a fascinating new avenue of renewable energy. 
 
 
Figure 4: Graphical representation of the number of memberships from 2000 to 2013 [18] 
 
The above chart shows the number of memberships at fitness centers / health clubs in the United 
States from 2000 to 2013. In 2013, there were approximately 52.9 million fitness center 
members [18]. If all of that kinetic energy was harvested into electrical energy instead of going 
to waste, it would have a big impact on saving fossil fuels. With every step taken on a treadmill 
or every bicep curl, we could turn excess calories into motion that could power generators and 
produce enough electricity to run our own gyms. The energy from one person's workout might 
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not be much, but the quantity of people together could contribute significantly to a facility's 
power needs. Even a small percentage of the 52.9 million people could make a difference.  
On average, a human at rest produces about 100 watts of power. This relates to about 2000 kcal 
of food energy, which is why the daily recommended intake of calories is around 2000 kcal. In 
just a few minutes, we can easily sustain 300 to 400 watts [19]. Also, with short bursts of energy 
like sprinting or lifting, some can even output up to 2,000 watts. Even though a lot of that energy 
is used for the body to pump blood and flexing muscles, a lot of it is still being wasted mainly as 
heat. Nearly all of that wasted energy could be harvested and turned into electricity, which could 
then replace our dependence on chemical batteries. 
This push for green energy across the globe has played a major role in the development of this 
project. In searching for a project that may support the idea of low emission/green energy, we 
considered the use of exercise as a form of power generation. Initial research on power 
generating exercise equipment and ways to implement such equipment was the starting point of 
our project. 2.2	  Market	  Research	  
Multiple companies in the U.S. have developed methods and equipment to generate electricity 
while exercising. The overarching idea is that since so many people are exerting energy through 
exercise, equipment should be developed that can harness that energy and convert it into 
electrical power. Three companies have developed different ways to capture and use energy 
created through exercise. ReRev, a company based out of St. Petersburg, Florida, retrofits gym 
equipment to their DC-to-AC converter module to supply energy to the grid. Human Dynamo 
created a system that harnesses energy and stores it in a battery for later use. The Green 
Revolution has developed a similar system that stores energy in batteries and only puts energy 
back into the grid once those batteries have been charged to capacity. These are the three 
companies that have been trying to develop a more prominent market in the U.S. for exercise 
equipment that can generate some form of usable electrical power.  
 
ReRev, founded in 2007 by Hudson Harr, is a company that specializes in “retrofitting cardio 
equipment to reroute the energy that is being emitted as a heat by-product... to a central 
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processing unit which converts the human power to utility grade electricity.” [20] This utility 
grade electricity is then connected directly to the building’s electrical system. Below in Figure 5, 
this central processing unit can be seen connected to the electrical system of the Bemidji 
University’s Recreation-Fitness Center. According to ReRev, an elliptical that is in regular use 
for 2 days can generate a single kilowatt hour. This is enough energy to power a laptop for 24 
hours. Though this equipment does not have a huge impact on expenses due to energy cost or on 
largely reducing our carbon footprint we see value in the ReRev system by its customer’s 
attitudes and reasons for investing in this renewable energy technology. The ReRev website 
highlights this statement given by the sustainability director at the University of Oregon, Steve 
Mital, “We’re not going to get off Middle Eastern oil by connecting up all the elliptical all over 
the country. We bought it and installed it mostly because it’s an educational opportunity. People 
will be on those things sweating away and it gets them thinking.” In order to continue moving 
toward the promotion of renewable energy we must start by getting students thinking about how 
renewable work. A similar company that concentrates on power generation through exercise is 
Human Dynamo. 
 
 
Figure 5: The ReRev Central Processing Unit [21, 22] 
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Human Dynamo, founded by Mike Taggett, is a company that has created a system which 
connects multiple spin bikes to one central processing unit. Their system allows for the 
collection of DC power, generated by the cyclist, which is stored in a battery. When the energy is 
needed for consumption, the user can plug electronic devices directly into the system, which is 
equipped to convert the DC energy into AC power for use. Due to the system being a connection 
of multiple bikes to one energy storage unit, as seen in Figure 6 below, this application is ideal 
for large scale locations such as spin studios or large gyms. Human Dynamo worked with The 
Green Microgym of Portland, Oregon, a facility that “aims to be a carbon neutral exercise 
facility”, to install some of these machines [23]. In an interview about this collaboration Mike 
stated that, "A lot of gyms have large spinning group exercises with 30 or 40 or 50 people 
exercising at the same time - and that's a perfect environment to use a machine like this." [23] 
This isn't quite the same as the ReRev system which focuses on feeding back power to the grid 
directly from each machine. Another company that combines these two methods is Green 
Revolution.  
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Figure 6: Team Dynamo [21] 
 
Founded by Jay Whelan, Green Revolution, similar to Human Dynamo, focuses on the use of 
spin bikes to produce electricity. As described in an article by Tom Gibson, on Progressive 
Engineer, “Green Revolution employs a 24-volt system with two 12-volt batteries in series. 
When a user starts pedaling, the batteries charge, and when they hit 28 volts, the inverter kicks in 
and sends power to the grid, converting 24-volt DC to 110-volt AC.” [21] This method is similar 
to that of the ReRev system since it is capable of tapping into the buildings electrical system. 
Green Revolution is also similar to Team Dynamo created by Human Dynamo in that both 
companies are striving to implement large amounts of equipment in order to make a bigger 
impact. Co-founder of Green Revolution, Mike Curnyn, in an interview with Industry Leaders 
Magazine, states that, “Some people have already invented a similar kind of prototype but for 
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personal use; we’re taking it to a large scale.” [24] As seen below in Figure 7, multiple stationary 
bikes utilize this technology in one facility, each connecting to their own power generation 
module. 
 
 
Figure 7: Green Revolution Equipment [21] 
 
The objective of this project is to measure the potential power produced by a rower using a 
Concept2 Model B Ergometer, and develop a method to harness that power. The ReRev, Human 
Dynamo, and Green Revolution technologies have similar goals and outcomes that we strive to 
achieve in our work. In order to develop a similar technology we must investigate the ergometer 
in more detail. After having a comprehensive idea of how the cardio machines used by the above 
companies, can relate to the ergometer, we may be able to find a similar application. 	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Chapter	  3:	  Rowing	  for	  Power	  Generation	  
Looking into preexisting exercise equipment capable of harnessing electrical energy, Concept2 
Model B is one of the ideal row-training equipment, used. Our project experiments are based 
upon this model. From experience and communicating to other experienced rowers, the 
recommended rowing training equipment and elite national team rowers throughout the world 
would most likely choose to train on the Concept2 Indoor Rower training equipment. The 
significance of designing a power generation system using Concept2 indoor rowing equipment 
starts with the brothers who founded the company. 3.1	  Background	  on	  Concept	  2	  
Concept2 is the leading provider of racing oars to the elite rowing community throughout the 
globe. According to their website, “Concept2 oars were used by 64% of gold medalists overall 
and 83% of finalist in the sweep events of the 2012 London Olympic Games.” Created in 1976 
by brothers Dick and Pete Dreissigacker, Concept2 has developed racing and training equipment 
that has changed the sport of rowing. Their flywheel-based indoor rower, similar to the spin 
bikes used by Human Dynamo and Green Revolution, seems to be capable of utilizing as a 
power generation device [25].  
Concept 2 is a company that manufactures rowing equipment and is based in Morrisville, 
Vermont USA. It is very well known for its air resistance indoor rowing machines known as 
"ergometers" or for short terminology, "ergs". These machines are typical training and testing 
machines for rowers and can be found in majority of gyms across the world. Concept2 also 
manufactures oars for outdoor paddling equipment and ski ergometers gym training machines. 
Two brothers, Dick and Pete Dreissigacker, were the founders of the company in 1976. While 
preparing for the tryouts of the 1976 Summer Olympics on the American team, they began 
modifying their oars with carbon fiber in an effort to go faster. After being cut from the team, 
they started selling carbon fiber oars for a living and began the company. They first started the 
company in the back of a bread truck and eventually moved out to a farm in Morrisville, 
Vermont, USA. 
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Dreissigacker oars quickly became one of the major players in the oars market. In 1991, in a 
bigger effort to improve a team’s performance, the company came out with asymmetrical 
"hatchet" oar blades. These succeeded in improving a team's performance by 1-2%. The 
popularity of these oars skyrocketed so high that by 1992 most of the Olympic crews were using 
them [26]. 3.1.1	  The	  Ergometer	  	  
In 1981, the brothers came up with the idea of creating an indoor rowing machine made mainly 
from bicycle parts. This machine was later known as the Model A, which consisted of a 
flywheel, used for air resistance, and a moving seat. While attempting to market the first erg 
model, the brothers received help from a friend named Jon Williams to reduce the market cost 
from $3000 to $600. The product became very successful and has been modified over the years 
with the Model B (1986), Model C (1993), Model D (2003), Model E (2006) and Dynamic 
(2010) [27]. 
For the Model B, it was the first Model to have a “Performance Monitor 1” that has four 
different display areas The Elapsed Time output keeps track of the workout time. The Stroke 
Rate indicates the stroke pace in strokes per minute. The Stroke Output functions by giving 
instant feedback on the users’ performance after each stroke. This display is updated after each 
stroke at the end of the drive, showing the value of effort in that instance. The Total Workout 
displays a cumulative record of the workout. 
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Figure 8: PM1 Monitor 
 
Up until 2006, the company only produced and sold one model of indoor rower at any time. In 
September 2006, that all changed when Concept2 progressed their Model D and began selling in 
a larger consumer market with Model E, which was sold about $400 more than Model D [28]. 
The Dynamic indoor rower, introduced in 2010, was designed with a moving foot stretcher 
instead of the usual moving seat. This caused less body mass movement compared to the 
previous indoor rower models and simulated on water rowing more closely. As of September 
2014, the company has came up with its latest performance monitor names the “PM5”, which 
calculates tracks distance, speed, pace, calories burned, and watts. 
As seen in Figure 9, there are four phases of the rowing stroke. The catch, drive, finish, and 
recovery make up these building blocks of the rowing stroke. At the catch the rower is prepared 
with the blade of the oar in the water and the legs engaged with the footboards. During the drive 
phase the rower applies force, first with the legs, then hips and back, and finally with the arms. 
Once at the finish position the rower extracts the blade of the oar from the water in preparation 
for the recovery. During the recovery phase the rower moves up the slide toward the catch 
position and prepares to place the blade into the water. The erg strives to duplicate the cyclical 
movement of rowing. In recreating the movement, as well as the incredible amount of power 
generated in taking a stroke, Concept2 created the indoor rower. 
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Figure 9: The Rowing Stroke (from top left)  The Catch, Drive, Finish, and Recovery [29] 	  3.2	  Energy	  Generated	  by	  the	  Concept	  2	  Rower	  
While rowing on the water, all power generated to propel the boat forward is absorbed by the 
water. Figure 10 shows the most commonly thought of blade path however a seasoned rower 
knows that effective rowing can be modeled after Figure 11 below [29]. Figure 11 shows that the 
blade finds connection with the water and uses this connection to move the boat past the blade of 
the oar. The flywheel of an erg models the resistance that the blade finds against the water. When 
a rower takes the drive phase of the stroke, a force is applied to the sprocket on the shaft of the 
flywheel. The force created during the drive is what will generate power in our design.  
 
 
 
 
22 
 
  
                
 
 
 
 
  
 
Due to the sprocket and the shaft following the motion of the rower in the recovery stage of the 
stroke we must examine the recoil of the chain as well as the motion of the flywheel during the 
recovery phase of the stroke. Once the mechanical design was fully observed during operation 
we noticed that there are four bearings along the shaft of the flywheel. Two of the bearings are at 
both ends of the shaft and two bearings inside the flywheel in order to keep the flywheel in 
motion. Furthermore, there is a wrench mechanism that locks the flywheel only in one rotational 
direction, which is the same direction of the phase.  
The major force or resistance that is felt by the rower is the drag force of the eight molded plates 
on the flywheel. Figure 12 shows a top view the flywheel, with a vision of the plates, on our 
Concept 2 Model B. 
 
Figure 10: Assumed Path of the Blade Figure 11: Actual Path of the Blade 
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Figure 12: Top View of Flywheel 
 3.3	  Potential	  Power	  
Before determining our method of harnessing energy from the rower we must estimate the 
maximum amount of potential mechanical power that the rower can generate on the ergometer. 
Power is defined as the rate at which work is done, Newton-meters per second [Nm/s]. In other 
words, power is the amount of energy that can be transferred with respect to time. The power is 
also measured in energy, Joules [J], divided by time. The SI unit for power is in watts [W], 
which is equivalent to one joule per second [J/s]. We consider power with respect to the torque 
that the rower applies to the sprocket of the shaft, and the angular velocity of the flywheel. 
Equation 1 shows this relationship [30]. 
Equation 1: Potential Power Generated by the Rower 
 
where,  
PP= Maximum potential power 
 PP = τ R ⋅ω
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𝝉𝑹= Torque of the rower applied to the sprocket of the shaft 𝝎= Angular velocity of the flywheel 
 
Torque is defined as the rate at which power is produced from a fixed radius and fixed in one 
rotational direction for our application. Torque is measured in the SI unit for torque, which is 
Newton-Meters [N-m] in Equation 2 below. 
Equation 2: Definition of Torque 
 
 
However, Torque is a continuous rotational motion on the shaft of the flywheel, we can exclude 
the  𝑠𝑖𝑛𝜃 to simplify the equation by using Equation 3 for torque: 
Equation 3: Continuous motion Torque 
 
Where, 
r is the radius of the sprocket  
F is the force applied to the sprocket 
 
Angular velocity [𝜔] is defined as the rate of changing angular displacement. It specifies the 
angular speed, or rotational speed, of an object and the axis about which the object is rotating. 
Angular velocity can be determined by the measuring the revolutions per minute (RPM) of the 
flywheel and converting to the SI unit, radians per second [30]. The conversion from RPM to 
rad/s is shown in Equation 4. 
 τ = r ⋅ F sinθ
 τ = rF
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Equation 4: Conversion from RPM to Angular Velocity 
  
 
ω = RPM ⋅2π
60
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Chapter	  4:	  Methodology	  
This section of project primarily focuses on the analysis of mechanical power that the rower 
generates and asserts onto ergometer In order to measure and calculate the mechanical power 
that the erg can generate we must observe the dynamics of the flywheel and the forces applied by 
the rower. Using these measurements we can come about ideas in which we can convert the 
energy or work the rower asserts to ergometer into electrical energy. 4.1	  Trial	  Procedure	  for	  Rowers	  
Our trial procedure for the rowers is recording ideal rowing training exercises to gather the 
measurements in our data collection at different constant strokes per minute (SPM) paces. The 
highest stroke per minute rating we had our volunteer rowers row on the ergometer was 32 SPM, 
which about one stoke for every 2 seconds. The medium SPM is 26, which is about one stroke 
for every 2.3 seconds. Lastly the steady paste in SPM is 18, which is about one stroke for every 
32.9 seconds. We consistently use these SPM training pace throughout our analysis and trial 
recording procedures for all volunteer rowers. Furthermore, we had an athletic male rower 
volunteer and an athletic female rower all successfully complete our trial tasks.  4.2	  Implementation	  of	  the	  Sensors	  
There are two sensors needed to be implemented to record both the rower’s energy and rotational 
speeds of the flywheel. One of these sensors measures the RPM of the flywheel and the second 
sensor simultaneously measures the surface strain of where the sensor makes accurate 
measurements of the applied force from the rower. The two sensors used in our data acquisition 
experiments are optical tachometer and linear pattern strain gauge. Both series measurements 
will be collected into data acquisition software, where the data can be complied into one excel 
spreadsheet to be further analyzed. Figure 13 shows the procedure of how we plan to analyze and 
calculating mechanical power from the rower. 
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Figure 13: Methodology of Calculating Mechanical Power 
 4.2.1	  Eagle	  Tree	  Optical	  RPM	  Sensor	  
Eagle Tree Systems sells engineering measuring devices, such as temperature control sensors, 
GPS and altimeter aircraft sensors, and most of all brushless, optic, and magnetic RPM sensors. 
Eagle Tree Systems has a software program to record the sensor signals called “elogger”. 
Elogger has many different built in display functions and display platforms for automotive and 
aerospace applications, such as RPM in motors and interior thermometer temperature readings. 
The application we used was the “Motor RPM” gauge display to see the real time RPM 
measurements from the ergometer as shown below in Figure 14. 
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Figure 14: Elogger Screen Display 
 
Eagle Tree’s Optical sensor works by measuring the reflectivity and depended on surface area of 
the reflectivity of the object. This sensor is called Optical Tachometer sensor type and one of 
basic types using in a Photo-Electric Switch (PES) system. PES is a system with a transmitter, 
such as optical Light Emitted Diode (LED) and receiver, which Eagle receiver. 
To properly install this sensor onto the erg, first the sensor must be 2-4mm away from the 
surface of the flywheel. Then 180 degrees of the sensor’s face to the flywheel must have black 
(non-glossy) color and the other 180 degrees white colored. We used black and white clothed 
tape. Lastly taped the sensor well to a small wooden shingle and mounted it the metal rod 
supporting to the cage surrounding the flywheel and mounted the data recorder module to one of 
the support arms for the flywheel, as shown in the Figure 15.   
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Figure 15: Mounted Optical RPM Sensor 
 
Before running the program, there is a tab on the toolbar Calibration and under that tab hit the 
“Calibration Ground Speed from the RPM”, which resets the RPM measurement to zero and 
calibrates the sensor. Once the elogger program ran, the software automatically saves and stores 
the data into a CDR. File. Elogger can load the file and replay the recorded data stored in that file 
and displays the recorded into a data chart along with all other Eagle Tree System devices. After 
organizing the excel spreadsheet from the strain gauge measurements, the data from the elogger 
was complied into that same excel spreadsheet. 4.2.2	  Strain	  Gauge	  Measurements	  
Using a Wheatstone bridge circuit in conjunction with a Vishay Micro-Measurements Precision 
Group linear pattern strain gauge, we can determine the stain on the surface of a material. The 
strain gauge measures the elongation of a metal alloy when a rower is applying force to the 
handle. In Table 6 below, shows the specifications for this strain gauge are shown.  
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Table 6: Strain Gauge Specifications from Vishay Micro-Measurements Precision Group  
 
The gauge factor (GF) of a strain gauge is the ratio of relative change in electrical resistance R, 
to the mechanical strain ε. The gauge factor is defined in Equation 5. 
Equation 5  
 
GF =
ΔR
R
ε
=
Δρ
ρ
ε
+1+ 2v  
Where, 
ε = strain= ∆!!! ∆𝐿= absolute change in length 𝐿! = original length 𝜐 = Poisson's ratio 𝜌 = Resistivity 
ΔR = change in strain gauge resistance 
R = unstrained resistance of strain gauge 
 
This linear patterned strain gage series is universal gauge for the purpose of our stress analysis 
application. Mounting the strain gauge on an Aluminum-Alloy 6061T6 block, or work-piece, we 
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created a proper area and surface to make this work-piece a measurement tool of strain. In order 
to mount the strain gauge we must follow certain important steps. Strain gages are very sensitive 
and can be difficult to handle. It was important that we prepared the surface of the aluminum 
block correctly before installation. We adsorbed acetone with a paper towel to remove the rough 
chips on the block so the stain gage could be mounted to a smooth surface. We also used a 
degreaser to clean any dirt from the holes of the metal. After the surface was cleaned, it was time 
to transfer the strain gage. Using tweezers, the strain gage was placed face up on a piece of 
scotch tape. A small amount of adhesive was then applied to the area of the block that we wanted 
to mount the strain gage. The strain gage was picked up using the scotch tape and placed onto the 
area of the block with the adhesive. We pushed down on the strain gage to make sure it is glued 
down well. After waiting about ten minutes, we removed the tape and the strain gage 
successfully remained glued to the block. 
The work-piece consists of an aluminum-alloy block with a length of 3 inches, a thickness of 0.5 
inches, and width of 0.75 inches, with a mounted strain gauge. The dimensions of the work-piece 
was determining by not exceeding the yielding point under estimated maximum tension loads 
and the cross-sectional area does not exceed minimum dimensions that may occur in our strain 
gauge experiment (See Appendix). Next, we needed center the two thread holes at both end of 
work-piece to increase the best uniform strain evenly across the center of mass in order to be 
able to apply force evenly to the material. We connected two eye-bolts on both ends. Figure X16 
shows the eyebolts threaded into the work-piece. In order to connect this to the erg for testing, 
one of the eye-bolts hooks to the metal tab that connects to the chain and the other eye-bolt to 
connects to the U-bolt which acts as the connection from the chain to the handle. The threaded 
holes are roughly inch and a half in depth and are made of stainless steel. 
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Figure 16: Aluminum Alloy Work-Piece for Strain Gage Measurement 
 
When the rower applies a force to the handle that in turn spins the flywheel, the strain gage 
captures a signal which is then processed in order to calculate the stress and force on the work-
piece. 
4.2.2.1	  Wheatstone	  Bridge	  for	  Strain	  Gauge	  Applications	  
Wheatstone bridge is designed to have a circuit with four legged arm resistors that distributes the 
voltage the diamond shaped circuit. Two nodes in the circuit measure the unbalanced voltage 
difference. Once excitation voltage is applied across the diamond, a resultant output voltage can 
be measured across the other two nodes of the diamond. The three wires are soldered to the strain 
gauge and connected to an adaptor, which completes the circuit of the Wheatstone bridge in 
signal amplifier.  
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Figure 17: Three wire connection from the strain gauge to the signal amplifier 
This type of Wheatstone bridge experiment is called Quarter Bridge. Quarter Bridges are use in 
stress analysis applications, such tension and compression loads measurements of strain.  There 
three resistors built inside the amplifier, while the fourth resistor is the strain gauge. Once a force 
is applied, the material of the work-piece as well as the strain gage is elongated. This elongation 
of the strain gage increases resistance in the strain gage which changes the output voltage of the 
connected Wheatstone bridge. The Wheatstone Quarter bridge circuit is shown in Figure 18. 
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Figure 18:Wheatstone Bridge [31] 
  
Before measuring this voltage signal, the bridge must be balanced with no asserting force on the 
strain gauge and the gain to amplify the signal must calculate or controlled. In order to balance 
the bridge in the amplifier, there is a toggle control directly on the amplifier called the “Trim” 
and there are two LED light indicators, in which indicate the output voltage going across the 
bridge. Using trim control to balance the bridge, the two LED must be very dim or off. Figure 19 
below shows the location of these controls. 
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Figure 19: Signal Amplifier Controls Box 
 
To record and display graphical indicators of the signal voltage of the amplifier, National 
Instruments has an Input/Output Data Acquisition module device called DAQ Box and has a data 
acquisition software program called “LabView”. By connecting the signal amplifier to Input 
channel of the DAQ Box with BNC cables, we can now record real time data of the strain, stress 
of the work-piece, force from the rower, and torque applied to the ergometer. LabView has 
function and tool palettes that give the user the ability to create a block diagram and a front panel 
platform to manage the input signal into real time computed measurements that are dependent on 
this input signal. This gives the user control how view these readings in real time and receive the 
36 
 
signal into the software and export the data into an excel spreadsheet. Below Figure 20 and 
Figure 21, shows the block diagram in LabView. 
 
Figure 20: LabView Block Diagram Part 1 
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Figure 21: LabView Block Diagram Part 2 
 
For our control panel, we insert the measured width and thickness of the block the cross-
sectional area of the work piece is displayed below in Figure 22 along with the excitation voltage 
and gain setting on the amplifier. Inserted the constant Gage Factor, which is the relationship 
between the resultant fractional changes in the gauge resistance vs. the applied strain. Lastly, the 
delayed time to records and reads the signal from the amplifier every tenth of a second, which 
matches the time increment of the Elogger software for the RPM measurements. 
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Figure 22: LabView Front Panel Controls 
 
The data recorded below in Figures 23 and 24, show the signal voltage from the amplifier and 
micro-strains exported to Microsoft Excel Spreadsheet, which is also was displayed real time of 
the rowing trials on the LabView’s front panel indicators.   
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Figure 23: Sample of Signal Voltage 
 
 
Figure 24: Sample of Corresponding Micro-Strain 
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To calculate the micro-strain from the amplified voltage signal, typically the gain needs to be 
calculated to a sensitivity of one mill-volt to one micro-strain, which can be seen in Equation 6 
below. 
Equation 6: 
 
Gain =
4 ⋅Vsignal
ε ⋅Vex ⋅GF
(106 )  
 
ε = strain= ∆!!! ∆𝐿= absolute change in length 𝐿! = original length 
Vex=excitation voltage 
Vsignal=signal voltage from amplifier 
GF=Gain Factor 
 
To satisfy the sensitivity of the gain one mill-Volt to one micro-strain, the gain result will have to 
be 190.476. To make this easier to calibrate the voltage signal, we insert the value of the gain 
setting on the amplifier to the control, called “Gain” on the front panel. Equation 7 below is used 
to calculate the micro-strains that any gain setting on the amplifier can be used.  
Equation 7: 
 
Vsignal = ε ⋅Vex ⋅
GF
4
⋅(106 )  
 
Figure 22 displays the controls on the front panel of our LabView program, where the gain 
setting amplifier can be inputted the control called “Gain” and that also calibrated the voltage 
signal being recorded. Equation 8 shows the relationship of the micro-strain dependent on the 
voltage signal and the setting of the amplifier gain. 
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Equation 8: 
 
µε =
4Vsignal
Vex ⋅Gain ⋅GF
⋅(106 )  
 
This micro-strain calculation then enters the formula node where it is used in calculation, which 
displayed below in Figure 25.  
 
 
Figure 25: LabView Formula Node 
 
Within the formula node, the stress is calculated using Hooke’s Law.  Hooke’s Law, shown 
below in Equation 9, σ is the stress on the block, E as the modulus of elasticity of the aluminum 
alloy block, ε as the strain [32]:  
Equation 9: Hooke’s Law 
 σ = E ⋅ε  
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Modulus of elasticity of the aluminum alloy 6061-T6 is 1x107 [33]. The force of the rower is 
calculated below in Equation 10, where F is the applied force to the block’s known cross 
sectional area, A, which is 0.375 square inches: 
Equation 10: Force dependent on Stress 
 F =σ ⋅ A  
 
This force allows us to calculate the torque applied to the sprocket located on the shaft of the 
flywheel, as seen in Equation 11. The Torque measured by the magnitude of the force of rower 
multiply by sprocket’s radius, where the chain contacts the sprocket, 𝑟!.  𝑟! is equal to 9/16 of an 
inch [30]. 
Equation 11: Torque with respect to the force applied to the sprocket 
 
τ = F ⋅rg  
The LabView function formula node takes the input parameters and outputs the answers from the 
equations the user desires. Our outputs the values then displayed into X-Y graphs with respect of 
time and viewed on the front panel of LabView. Lastly, a path file control designates a excel file 
to export the all measurements dependent on the signal voltage and respected by elapsed time 
into it. Once the each SPM rower trials are completed, the data will be analyze for each trial in 
separate files.  
4.2.2.2	  Testing	  Functionality	  of	  the	  Strain	  Gauge	  
The procedure for testing the strain gauge was to assert measureable force quantities on the work 
piece to verify the results with the voltage signal of the circuit and was calibrated correctly. 
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Figure 26: Weights applied to work-piece 
 
We asserted three increments of weight we applied were 20 lbs, 25lbs, and 10 lbs respectively in 
Figure 26. Once the measurements were recorded, the voltage signal was calibrated when there is 
no applied force to the work-piece and the trending force balance to make sure the net force was 
reading zero.  
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Figure 27: Testing Strain Gage Functionality 
 
The blue horizontal lines represent the actual weight in pounds asserted on the block and other 
oscillating red shows the force actually measured. Notice there is a difference between the 
recorded readings of strain gauge 3-5 lbs lower than actual weight applied. The percent error is 
about 15-50% of the force applied. As you increase the amount of force applied the percent error 
decreases. This means if the rower applies 50 pounds of force, the percentage error can be 
decreased to 4-10 % and if the rower applies for 200 lbs of force, 1-2.5%. Concluding this testing 
procedure of the strain gauge, we assume the measure force will be 3-5 lbs lower than the actual 
force being applied. The percent error calculated from the graph above ranges between 1-10%. 4.3	  Data	  Analysis	  
One of the challenges of recording both the RPM and strain measurements was to execute two 
different data acquisition software programs simultaneously and matching the data at the same 
starting position once the rower in transition. The best method to overcome this issue was to 
converge data into the excel file with both RPM and strain gauge measurements in the same line 
graph to observe the number of stokes recorded. Then observe the time interval between each 
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stroke matched and the magnitude of the force matches similar properties. Below are examples a 
rower’s 32 strokes per minute force and RPM measurements in the same line graph. 
 
Figure 28: Measurements Before Final Calibration 
 
The starting position does not match with each measurement above and below is when both 
measurements match. 
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Figure 29: Recalibrated Measurements 
 
Notice this graph represents the same two corresponding measurements, but both are at the same 
starting position to match each corresponding measurement. The best method to verify the 
accuracy of the positions was by subtracting RPM measurements by 500 and graph force and 
RPM measurements in the same graph. 4.3.2	  Voltage	  Signal	  from	  Amplifier	  to	  Torque	  applied	  to	  the	  Ergometer	  
Setting the amplifier strain gauge at zero when there are no applied forces to the sensor and 
amplified gain to 11,000, our computed voltage calibration is 0.05775 Volts or 57.75 mill-Volts 
to one micro-strain by using the voltage signal to micro-strain equation in 4.2 Strain Gauge 
Measurements section. The trial samples from an athletic male rower and an athletic female 
rower, the results we were able to record at least five full strokes for each SPM trial and record 
the voltage signal and the dependent measurements from the strain gauge experiment. At the 
instantaneous moment where surface micro-strains on the block was recorded at the maximum 
drive in the stroke, the force of the rower was ranging from 75 lbs to about 220 lbs. Below is a 
sample of an athletic male rower at 18 SPM is the full strokes results (To all other results from 
these two athletics rowers, see the Appendix). 
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Figure 30: Force of Male Rower at 18 SPM 
 
The time at zero begins the starting point at the catch of the stroke and finishing with recovery 
period until the next stroke begins is what the force.  Analysis from testing the strain gauge with 
the actual weight being 3-5 pounds higher than measured, the percent of error will range from 
1.35-6.25%. Using the relationship between the force and torque by the multiplying the radius of 
the sprocket welding to the shaft, we were to able to measure the torque applied to the shaft of 
the rower and the range values of the maximum measured torque below in Figure 31. 
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Figure 31: Maximum Measured Torque in units of Newton-Meter 
 
The maximum torque ranges were determined by the highest torque value from both athletic 
rowers at each SPM trial.  To be clear, the torque measured is the amount of torque applied from 
rower to the ergometer without any interface of how the ergometer is designed. 4.3.2	  RPM	  and	  Angular	  Velocities	  of	  the	  Flywheel	  
Once the optical tachometer measurements matched the same starting position as the strain 
gauge measurements, the RPM range results from 395 to 780 and angular velocity ranges from 
41.36 to 81.68 radians per second. As shown in Figure 32 below, each SPM trial for the male 
rower and averaging the first five recorded strokes to a graphical model (for results of the woman 
rower, check Appendix).   
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Figure 32: Model RPM Measurements of Male Rower 
 
Notice the higher strokes per minute factored a higher maximum revolution per minute of the 
flywheel. Between 18 and 26 SPM the revolutions per minute there is nearly a 100 RPM change. 
The change between 26 to 32 SPM is only 3-4 RPM increased, but due to higher velocities of the 
flywheel, the viscous flow of the drag force increases as well, which increases the energy loss to 
the ambient air. Now using this raw data from the speeds of the flywheel and torque, potential 
power of the rower to the machine can be determined.   4.3.3	  Resultant	  Potential	  Power	  from	  the	  Rower	  
Expand our analysis to see the torque produced by the rower and angular velocity of flywheel; 
we created graphical representations of the potential power by individual strokes of the rowers. 
As shown below Figure 33, the potential power of the male rower at 18 SPM gave a maximum 
amount of power output as 728.4 watts and the overall average power resulted from all five 
strokes was 82.8 watts. This overall power includes the period where the rower is no longer 
asserting force in the recovery point of the stroke.    
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Figure 33: Potential Power Output by Rower 
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Chapter	  5:	  Design	  Development	  
 5.1	  Generator	  Design	  
The conclusions drawn from our data analysis show that in order to harness energy generated by 
the rower a low torque generator must be used. It was also found that the force produced by the 
rower, rotates the flywheel at 395 – 780 RPM. There are several design options available and it 
has been decided to move forward with an axial-flux generator. Though there are many aspects 
to consider in such a design, we began by examining core vs. coreless stator windings. Some 
work has been done to address the current leakage harmonics within a stator core environment 
and there is the argument that having a core in the windings would allow greater flux density 
[34]. However, most of the machines of this type that were examined utilize coreless stators. It 
was determined that coreless stator windings would not produce “the cogging torque nor the iron 
loss of the stator, so one can expect a high efficiency and good starting performance” [35]. This 
method also avoids the issues of eddy currents in the stator.  It was also found that the magnet to 
coil ratio for 3 phases is 4:3. The variables that are left require analysis to determine the most 
effective trade-offs. For example, determination of a wire with a diameter large enough to carry 
the required current, yet small enough to get enough turns in a coil without increasing the gap 
beyond an ideal range, as well as the coil configuration. The coil and magnet sizing also relies on 
the limitations to the radius of the rotor and stator. By limiting the radius we also limit the radial 
velocity, which then reduces the voltage. All of these variables must be matched to achieve an 
effective generator. After running through several scenarios using hand calculations the 
relationships became clearer and a spreadsheet could be built to streamline the process and verify 
the best-fit parameters.   
We want to be sure that our generator design is much smaller than the flywheel of the erg. Our 
data analysis revealed that the average power for a male rower at 18 SPM, is approximately 82.8 
Watts. Seeing as how this generated power is relatively small, we began by arbitrarily selecting a 
radius of 10cm for the rotor and stator disks. We also decided to limit the thickness of the design 
by using a dual rotor, single stator design with the intent of limiting the thickness of the 
generator to 20cm. With these parameters we were able to begin the design of the rotors and 
stator. The general design of the generator can be seen in Figure 34 below. 
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Figure 34: Generator Design 
 5.1.1	  Rotor	  Design 
Each rotor acts as a connecting component to the magnetic circuit of the generator. They also are 
the part of the generator that turns due to the force applied by the rower. The rotors consist of 
two main elements, the iron back plate and the permanent magnets. The material chosen and the 
size of the magnets have a large impact on the potential power produced. For example, 
increasing the thickness of the magnet, pole to pole, may increase the reluctance, however, 
increasing the area of the face of the magnet will reduce the reluctance.  
The rotor contains 12 Neodymium 53B magnets. In order to utilize the space available on the 
rotor disk, each magnet is centered 30 degrees apart. The width of the magnet spans 25 degrees, 
with an inner radius of 4cm and an outer radius of 9cm. The magnets are each 2cm thick and are 
adhered to an iron disk that acts as the back plate of the rotor. The iron back plate is 10cm in 
radius and .5cm thick. A model of the rotor can be seen below in Figure 35. 
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Figure 35: Rotor Design 
 5.1.2	  Stator	  Design	  
The stator resides between the two rotor disks where the magnetic flux due to the rotors induces 
a voltage in the stator coils during operation of the generator. As stated previously, the magnet to 
coil ratio for an axial flux generator is 4:3, therefor there are 9 stator coils, 3 per phase for this 
system. Each coil is evenly centered at about 40 degrees. The thickness of the stator disk is 
important to consider as it has a large effect on the size of the air gap and the reluctance as well. 
We have chosen to limit the total gap, length from magnet-to-magnet through the stator, to 
1.3cm. With the gap and radius of the stator as the limitations, dimensions for the largest 
possible coils under these physical constraints, can be determined. In order to allow at least 
.5mm between the magnets of the rotors and the stator we limited the thickness of the stator to 
1.2cm. In order to maximize the length of the coils we utilized the 40 degrees per coil of our 
stator disk and the 1.2cm of thickness.  The maximum coil length for these physical constraints 
was calculated to be 26.95m of 20 gauge copper wire. A model of the stator disk can be seen in 
Figure 36 below. 
54 
 
 
Figure 36: Stator Design 
 5.1.3	  Calculating	  the	  Reluctance	  
The stator resides between the two rotor disks where the magnetic flux due to the rotors induces 
a voltage in the coils. Many different variables affect the amount of voltage that can be induced 
in such a system. We will begin with the dimensions that were selected for our design and the 
properties of the magnets and coils, which can be seen in Table 7. 
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Table 7: Rotor and Stator Dimensions 
 
 
We must first determine the reluctance in our generator.  There is reluctance as the flux passes 
through the air gap, magnets, and the iron back plate. Equation 12 shows the equivalent 
reluctance is equal to the sum of the series reluctances in the magnetic circuit.  
Equation 12: 
   
The reluctance is calculated using Equation 13 and is used in reference document [37], where l is 
the thickness of the material, A is the cross sectional area which the flux intersects, µ0 is the 
permeability of free space, and µr is the relative permeability of the material.  
Equation 13: 
 
 
ℜeq = ℜg +ℜm +ℜi
 
ℜ = 1
µ0µr
ℓ
A
1
Ω⋅s
⎡
⎣⎢
⎤
⎦⎥
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We are looking at the field that is created by the permanent magnets we will use and the area of 
the face of the magnet for all active areas in our magnetic circuit as seen in Equation 14 below. 
Equation 14: 
 
The reluctances of the gap, magnets, and the iron are calculated below using Equation 15 for 
reluctance, with the dimensions specified in the design. The sum of these series reluctances has 
also been calculated.  
Equation 15: 
 
 
 
 
Now that the reluctance has been calculated we can use the known magnetic properties of our 
permanent magnets to determine the operating flux and flux density, B of our generator.  
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ℜg =
1
µ0
ℓ g
A
= 1
4π ×10−7
.013
.00141808
ℜg = 7,295,125.3
1
Ω⋅s
⎡
⎣⎢
⎤
⎦⎥
 
ℜm =
1
µ0µr
ℓm
A
= 1
(4π ×10−7 )(1.05)
.02
.00141808
ℜm = 10,688,828
1
Ω⋅s
⎡
⎣⎢
⎤
⎦⎥
 
ℜi =
1
µ0µr
ℓ i
A
= 1
(4π ×10−7 )(5000)
.005
.00141808
ℜm = 561
1
Ω⋅s
⎡
⎣⎢
⎤
⎦⎥
 
ℜeq = 7,295,125+10,688,828+561
ℜeq = 17,984,515
1
Ω⋅s
⎡
⎣⎢
⎤
⎦⎥
57 
 
5.1.4	  Magnetic	  Characteristics	  of	  Design	  
Neodymium 53B was selected for our rotor design. This magnet is manufactured by TDK 
Corporation and has the demagnetization curve [36] shown below in Figure 36.  
 
Figure 37: Demagnetization Curve for TDK NEOREC53B [36] 
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In this graph we can see that the Br, the residual flux density, is 1.45 Tesla and Hci, the intrinsic 
coercive force is 1114 kA/m. This is important because both the residual flux density and the 
intrinsic coercive force, helps us determine the operating flux of our generator. To find the 
operating point of our generator we are primarily concerned with the electro magneto force, F 
and the flux, Φ. We know from magnetism that the relationships between F and Hci, and the 
relationship between B and Φ, are as follows [37]. Using Equations 16 and 17 below we generate 
a graph, plotting the relationship between the force, F and the flux Φ. 
Equation 16: 
  
Equation 17: 
  
By graphing the force versus the flux we can now find the operating point of the machine by 
drawing a load line. The load line is plotted using Equation 18 below. Since the reluctance in the 
generator has already been found we were able to plot the line and find the operating point as 
seen in Figure 37. 
Equation 18: 
 
  
 Fmax = Hciℓm
 Φmax = Br Am
 F = ℜΦ
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Figure 38: Finding the Flux at the Operating Point 
 
By graphically finding the operating point of the flux, Φo = .773mWb, we are now able to find 
the magnetic flux density at the operating point using Equation 19. [5]   
Equation 19: 
  
5.1.5	  Calculating	  the	  Induced	  Voltage	  per	  Phase	  
Now that we know Bo, it is possible to determine the voltage that can be produced per phase of 
our generator. We begin by investigating the voltage induced in each coil. Equation 20 will be 
used to determine the voltage induced in each coil [37].  
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    where,  
  Vc is the Voltage induced in a single coil 
  Bo is the flux density  
  lc is the length of copper per coil 
  u is the velocity 
 
The velocity considered in the equation above refers to the speed at which the magnet is moving 
and therefore we must consider u to be equal to the radial velocity, ω, multiplied by the radius, r. 
The value that will be used for ω, is the speed at which the rower is turning the flywheel and in 
turn, the speed at which the rotors are spinning. In order to represent the rowers ability to power 
the generator we will use the average speed of the flywheel to determine the velocity, u. Using 
the same data plotted in Figure 32: Model RPM Measurements of Male Rower, we calculated the 
average value of ω . First we converted RPM to radians per second, the SI unit for radial 
velocity, and then took the average. For a male rower training at 18 SPM the average radial 
velocity, ω, is calculated at 53.66 rad/s. Equation 30 is now rewritten as Equation 21 below, 
where ωr is substituted in for the velocity, u, and is used to calculate the voltage induced. 
 
Equation 21: 
  
Our design uses three stator coils per phase, therefore if we multiply the voltage induced per coil, 
Vc by 3, we will get the peak phase voltage, Vp . The phase voltage is then used to find the RMS 
voltage Vrms. The RMS voltage that we can expect to generate at 18 SPM by a male rower is 
shown in Equation 22 below.  
 
 
 
 V = Boℓ cu
 Vc = Boℓ c ⋅ωr
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Equation 22: 
 
 
 
In order to find the frequency of the output voltage signal we must consider the frequency of the 
rotor itself as well as the frequency of the voltage induced per phase in the stator coils. The 
relationship between frequency and angular velocity of the rotor is shown in Equation 23, where 
 is the angular velocity generated by the rower and  is the frequency of the rotor. 
 
 
Equation 23: 
 
 
For each turn of the rotor 12 magnets pass over each coil. This means that the frequency of the 
voltage signal is 12 times that of the rotor, for each magnet that passes over the coil generates a 
single period of sinusoidal voltage. The frequency of the 150 Vrms three phase signal is calculated 
at 102.5Hz as seen in Equation 24 below.  
 
Equation 24: 
 
 
Now that the estimated RMS voltage output from the system has been calculated we must 
calculate the RMS current. The internal resistance of the coils is calculated and used to calculate 
the current per phase. The 20 gauge copper wire used for the stator coils is rated at 33.3 Ω/km. 
The resistance per phase is calculated at less that 3 Ohms, in Equation 25 below. The peak 
 
Vp = 3Vc = 3(Boℓ c ⋅ωr)
Vp = 213.27V
Vrms =
Vp
2
Vrms = 150V
ω  fr
 
ω = 2π fr , fr =
ω
2π
 fVout = 12 fr = 102.5Hz
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current is found by diving the peak phase voltage by the resistance per phase in Equation 26. 
Then the RMS current is calculated ar 56 Amps as seen in Equation 27.   
Equation 25: Stator Coil Resistance per Phase 
 
R = 3ℓ c ⋅
33.3[Ω]
1[km]
Rp = 3⋅26.95[m]⋅
33.3[Ω]
1000[m]
Rp = 2.7Ω  
 
Equation 26: Calculating Peak Current 
 
IPk =
Vp
Rp
IPk =
213.27V
2.7Ω
= 79.2A  
 
Equation 27: Calculating RMS Current 
 
Irms =
IPk
2
Irms = 56A  
 
Using the RMS voltage and current that was previously calculated we can project the average 
power that can be generated by our design. The average power is calculated at 8.447 kilo-watts, 
by multiplying the RMS voltage and current as done in Equation 28.  
Equation 28: Calculating Potential Average Power Output 
 
Pave = IrmsVrms
Pave = 8.447kW
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5.2	  Results	  of	  Analytical	  Model	  
After calculating the RMS voltage and current that can be generated by our design we were able 
to estimate the potential power. These voltage and current signals are shown in the graphical 
waveform of the estimated potential output voltage in Figure 39 and the estimated current in 
Figure 40. The traces in Figure 39 show the time duration of a single sine wave of phase A of the 
voltage signal.  
 
Figure 39: Model of Estimated Output Voltage of Generator Design 
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Figure 40: Model of Estimated Phase Current 
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Chapter	  6:	  Conclusions	  &	  Considerations	  For	  Future	  Development	  
 
The data collected in this project allowed us to estimate the mechanical power that can be 
generated using a Concept2 rowing machine. Through this analysis we were able to create a 
permanent magnet generator design that is capable of transferring the mechanical power 
produced into electrical power.  
The design for an axial flux generator was used in the development of our system. Though we 
were able to estimate the potential of an axial flux generator design utilizing power generated by 
a rower, there are many things to consider before attempting to implement the design. First, there 
are the mechanical and structural manufacturing techniques of the rotor and stator to ensure 
durability. Also the housing of the rotor and stator design is crucial for safety as well as optimal 
operating conditions.  
The circuitry that accompanies the generator if implemented with a Concept2 ergometer is 
important. The design is capable of generating high currents that could cause damage to 
components if not managed properly. Depending on the use of the power generated, there will 
need to be a filtering system that will reduce the current in order to safely charge a battery 
without causing damage.  
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Appendix	  
Figures 41-45 below, are additional graphs that represent the data collected throughout our 
mechanical power analysis 
 
Figure 41: Female Rower at 18 SPM 
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Figure 42: Average Mechanical Power Ranges 
 
 
Figure 43: RPM Measurements for Male Rower 
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Figure 44: Peak Power for both Male and Female Rowers 
 
 
Figure 45: RPM Measurements for Female Rower 
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Figure 46: MathCad estimating the force, strain, yielding point, and ultimate tensile strength 
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